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Heterogeneous landscapes made up of variegated patches are common among managed 
ecosystems, and often provide diverse structural and compositional habitat characteristics. 
Landscape heterogeneity can affect distribution of resources, competition, and dispersal of 
organisms over space and time. Therefore, understanding how species respond to dynamic 
landscapes is necessary when implementing management decisions that foster biodiversity 
within managed ecosystems. My study uses hierarchical models in a Bayesian framework to 
quantify effects of landscape context on meso-mammal predators and northern bobwhite 
(Colinus virginianus) occupancy in an intensively managed loblolly pine forest. Results indicate 
that edge density can positively influence occupancy of meso-mammal predators, while age of 
stand, or years since disturbance, can negatively influence occupancy of northern bobwhite. 
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Landscape heterogeneity is a pervasive issue in modern ecology, affecting biological 
processes worldwide (Wiens 2002; Fahrig et al. 2011). Anthropogenic alterations to the 
landscape such as urbanization, agriculture, and deforestation influence animals and populations 
through changes in population regulation, competition, dispersal, and resource availability 
(Fahrig et al. 2011). In the Southeastern United States, agriculture and timber production have 
fragmented a once continuous area of land into a landscape of patches. While these managed 
forest ecosystems are economically important, providing 60% of the United States’ wood 
products (Haynes 2003), managers are challenged to meet the demand for wood products while 
simultaneously managing the landscape for conservation of biodiversity. In an effort to achieve 
this balance, the Sustainable Forestry Initiative (SFI) was created to provide a set of forestry 
certification standards that allow for ecosystem health while producing timber (Hansen et al. 
2006). Managed forest ecosystems create a mosaic of patches across the landscape that provide 
diverse compositional (diversity and amount of habitat types) and configurational (number, size, 
and arrangement of patches; Saunders et al. 1991, Fahrig et al. 2011) habitat characteristics. As a 
result, these managed systems can influence population processes in a variety of ways, including 
spatial and temporal access to, and availability of, resources (Ries and Sisk 2004). For example, 
it has been hypothesized that increased habitat heterogeneity leads to an increase in species 
diversity by providing more resources and ecological niches (MacArthur & MacArthur 1961; 
Benton et al. 2003; Fahrig et al. 2011). However, landscape heterogeneity is not necessarily 
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synonymous with habitat heterogeneity, as not all patches may provide suitable resources for a 
given species.  
Structure and composition of patches due to succession and other environmental 
conditions affect patch quality over time.  In response to changes in the perceived quality of 
these patches, animals move from patches with diminishing resources to patches offering more 
abundant resources (Pyke 1984). While this emigration/immigration process has been widely 
documented across species and landscapes, the specific resources catalyzing this process is less 
understood. For example, landscape heterogeneity can affect search and travel time between 
resources, which can affect energy expenditure and survival (Bider 1968; Gates and Gysel 1978; 
Marini et al. 1995; Dijak and Thompson 2000). With this in mind, further exploration of the 
specific resources driving animal movement will be critical for effectively managing for 
biodiversity. 
A significant amount of literature exists for northern bobwhites (Colinus viriginianus) 
relative to other species. However, few studies have explored bobwhites response to, and use of, 
patchy landscapes. One particular area of bobwhite demographics that remains largely 
misunderstood is how they respond to predators within these particular landscapes (Rollins and 
Carroll 2001, Burger 2002, Staller et al. 2005, Palmer et al. 2019). As landscapes continue to 
become more fragmented, understanding how bobwhites use and are affected by these 
landscapes will be critical for population persistence. With this in mind, by better understanding 
patch dynamics we will be able to improve conservation planning through more efficient design 
of conservation programs and management standards. Therefore, this study is intended to gain 
baseline knowledge of northern bobwhite in relation to patch dynamics, and assist future 
research endeavors exploring how northern bobwhites utilize managed ecosystems. My research 
objectives were to:  
1. Determine how landscape context influences meso-mammal predator occupancy 
in a managed ecosystem; 
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2. Estimate meso-mammal predator richness per patch; 
3. Determine how patch dynamics influence bobwhite occupancy; and 
4. Understand the spatial and temporal relationship between co-occurring bobwhite 
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MESO-MAMMAL PREDATOR USE OF EARLY-SUCCESSIONAL PATCHES DEPENDS 
ON LANDSCAPE CONTEXT IN A MANAGED ECOSYSTEM 
2.1 Introduction 
The effect of landscape heterogeneity on population demography is a salient issue in 
ecology (Wiens 2002; Fahrig et al. 2011). The patchy distribution of resources common to 
heterogeneous landscapes can influence animal populations through changes in survival, 
reproduction, and dispersal (Fahrig et al. 2011). Both compositional (diversity and amount of 
habitat types) and configurational (number, size, and arrangement of patches) heterogeneity can 
influence these population processes in a variety of ways, including resource availability and 
accessibility. One common hypothesis in ecology is that increased habitat heterogeneity leads to 
an increase in species diversity by providing more resources and ecological niches (MacArthur 
& MacArthur 1961; Benton et al. 2003; Fahrig et al. 2011). However, in modern managed 
ecosystems, landscape heterogeneity may not equate to habitat heterogeneity because not all 
patches may provide suitable resources.  
In addition to the amount and diversity of resources, landscape heterogeneity can affect 
search and travel time to and from resources, and the amount of energy required to obtain 
resources once located (Bider 1968; Gates and Gysel 1978; Marini et al. 1995; Dijak and 
Thompson 2000). For example, the landscape configuration hypothesis (Villard et al. 1999) 
suggests that independent of the amount and type of cover on the landscape (i.e., composition), 
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changes in the spatial arrangement of landscape elements (i.e., configuration) may directly 
influence species’ by limiting dispersal ability (Villard et al. 1999; Betts et al. 2006; Ritchie et al. 
2009). Consistent with the landscape complementation hypothesis, the spatial arrangement of 
landscape elements may influence populations by exposing individuals to resources associated 
with the juxtaposition of different habitats (McGarigal and McComb 1995). For example, 
landscapes featuring proximal habitats of complementing resources may support higher species 
diversity by providing otherwise inaccessible resources (Dunning et al. 1992; Ries and Sisk 
2004).  
Meso-mammalian predators serve an important ecological role in balancing food webs 
(Lesmeister et al. 2015). This guild has various diets, many of which overlap, thus positioning 
them as consumers of fruit as well as predators of other small mammals. In fragmented 
landscapes, predators play a central role by directly influencing the structure of prey 
communities (Oehler and Litvaitis 1996) while also serving as dispersers of seeds from the fruits 
that they consume. As such, meso-mammalian predators are an integral part of these landscapes, 
especially among early-successional habitats, as prey populations disproportionately occupy 
these areas (Livaitis 2001). Given the importance of meso-mammalian predators in early-
successional habitat, it is important to understand how compositional and configurational 
heterogeneity can influence their distribution. Previous research has demonstrated that patch 
edges may foster greater prey densities than patch interiors and act as travel lanes for predators 
(Bider 1968; Gates and Gysel 1978; Marini et al. 1995; Dijak and Thompson 2000). Edges often 
act as transitional zones between patches featuring different vegetative characteristics (i.e., 
composition and structure; Murcia 1995) and these areas may sustain larger numbers of species 
than that of patch interiors (Marini et al. 1995; Sisk and Battin 2002; Ries and Sisk 2004). 
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Therefore, it would be beneficial for predators to forage along edges because of the greater 
abundance and diversity of prey (MacArthur and Pianka 1966, Gates and Gysel 1988; Patton 
1994; Lahti 2001; Stephens et al. 2003; Batáry and Báldi 2004).   
To test hypotheses regarding the influence of landscape heterogeneity on the spatial 
distribution of species, I focused on a meso-mammal community within early-successional 
forests in an industrial pine landscape. This landscape contains approximately 9,600 ha of even-
aged, intensively managed pine stands where trees are harvested for quality saw timber, thus 
creating a patchy landscape of various successional stages.  
Consistent with the literature, I predicted that the spatial arrangements (i.e. configuration) 
of patches leading to increased edge density would positively influence occupancy of all meso-
mammal predator species in our study system. I also predicted that species occupancy would 
vary proportionally with the amount of resource land cover types (i.e. composition) available 
based upon each species’ core area (Table 2.1; Paton 1994; Batáry and Báldi 2004). 
Furthermore, I predicted that the juxtaposition of different habitat patches leading to 
complementary resources in close proximity (e.g., water availability combined with vegetative 
cover) would increase species occurrence (Dunning et al. 1992). 
2.2 Material and Methods 
2.2.1 Study Area 
I conducted this study in the Interior Flatwoods (Pettry 1977) and Upper Coastal Plain 
regions of east-central Mississippi, in Kemper County - approximately 6 km southwest of 
Scooba (32º47’30”E, 88º30’61”N) (Elmore et al. 2005; Iglay 2010). My study area was located 
within approximately 9,600 hectares of >70% intensively managed loblolly pine (Pinus taeda) 
stands of various age, owned and managed by Weyerhaeuser Company for pine saw timber 
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(DBH > 22.9 cm) production. The remaining cover types included mature pine-hardwood or 
hardwood (27%) primarily along streams (i.e., streamside management zones; SMZs), and non-
forested area (e.g., roads, firebreaks, and timber loading docks; 3%) (Iglay 2010). Typical forest 
management within my study area included clearcut harvest of existing pine stands followed by 
site preparations (mechanical/chemical), tree planting at approximately 1,112 trees per hectare, 
weed control, thinning to approximately 297 trees per hectare, and final harvest at 25 – 30 years 
of age. Mean annual temperatures were 15.9ºC – 17.8ºC (minimum and maximum), with mean 
annual precipitation of 140 cm (83 – 197 cm; NOAA 2013). 
2.2.2 Experimental Design 
I classified the study area into forest patches based on vegetation composition and 
structure, and management units in ArcGIS 10.1 (ESRI 2011) via shapefiles provided by 
Weyerhaeuser Company. I digitized land cover type using 2012 Ortho National Agriculture 
Imagery Program (NAIP) imagery and 2012 Bing Maps imagery. Based off the surrounding land 
cover, I classified land cover into 6 different classes: open canopy pine forest, closed canopy 
pine forest, non-pine forest, disturbed (i.e. row crop, pasture, and bare ground), road, and open 
water. Open canopy pine forests occur when the tree crown does not overlap. Closed canopy 
pine forests are those in which tree crowns overlap and prohibit penetration of sunlight through 
the crown cover. Non-pine forest included mature hardwood trees often located in streamside 
management zones. Disturbed land cover included row crop fields and pasture. Road 
classification consisted of highway, county roads, and log roads, and open water was visible 
ponds and open bodies of water. These land cover classes are consistent with previous research 
in our study system (Chamberlain et al. 2000, Chamberlain et al. 2003, Chamberlain et al. 2003b, 
Gammons et al. 2009, Wilson 1996). 
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Polygons intersected by features, such as firebreaks, were aggregated into a single patch 
if the inter-polygon distance was less than 100 m. Patches <5 years since establishment and > 10 
ha in size were considered structural patches of early successional vegetation. Patches >5 years 
post establishment were dominated by woody vegetation and the pine canopy was semi-closed 
(Marsh et al. 2012, Foggia 2015). Patches <10 ha were excluded as they are non-typical for land 
management. The remaining patches were stratified into 5 age classes: 1-, 2-, 3-, 4-, and 5 -years 
post tree planting. Three to 10 patches from each stratum were chosen at random (Garton et al. 
2005). Because of the progression of succession in my study area, in 2013 I added 7, 1-year old 
patches to the study. Each patch contained 2 survey points, one randomly located on the patch 
boundary (i.e. edge) and one at the centroid. For each patch, I used ArcGIS 10.1 to calculate 
Euclidean distance from survey point to nearest water source, patch area and year of stand 
establishment. 
2.2.3 Meso-mammal sampling 
I used infrared Bushnell Trophy Cam XLT cameras (O’Connell et al. 2006; Bushnell 
2011) to take photos of mammals. Species included Coyotes (Canis latrans), Bobcats (Lynx 
rufus), Raccoons (Procyon lotor), Virginia opossum (Didelphis virginiana), and Nine-banded 
armadillos (Dasypus novemcinctus). I placed one camera at each point, where it remained active 
for a 14-day period. Cameras were mounted on a post at 1 – 1.5 m above ground. A commercial 
skunk lure was placed 3 – 4 m away, inside a small container (i.e., medicine bottle) filled with a 
cotton ball (Cove et al. 2013). Upon a triggering event activating the cameras motion sensor, 
photos were taken every 10 seconds. I had 2 primary sampling periods with 2 secondary 
sampling periods within each primary period (Pollock 1982, 1990). The 2 primary sampling 
periods were from 1 June 2012 – 29 July 2012 and 19 May 2013 – 26 July 2013. Each secondary 
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sampling period lasted 14 days (336 hours). Upon retrieving cameras, I examined photos 
identifying each species, time of day, and date captured. I differentiated independent detections 
by a 30-minute time interval between detections (Kelly and Holub 2008). 
2.2.4 Landscape Metrics 
I used FRAGSTATS v4.2 to calculate landscape measurements (McGarigal and Ene 
2013). Landscape scale measurements were calculated based on the size of the core area of each 
species per previous research in my study area (Table A.1). I used core area as it defines the 
selected areas of concentrated use within home range. Therefore, I expected the landscape 
characteristics within a species’ core area to be more significant than those in their home range. I 
calculated distance to water by measuring the distance in meters from edge of patch to nearest 
water source. To characterize landscape composition, I calculated the percent of each of the 6 
land cover types within each species’ estimated core areas. Then, to address multicollinearity and 
reduce the data from 6 land cover types to a few environmental gradients, I conducted a principal 
component analysis (PCA) for each species. Components that were calculated with an 
eigenvalue > 1 and total (cumulative) variance making up 70% were selected for subsequent 
analyses (Jolliffe 2002).  
Total edge density was calculated separately for each species based off each species’ core 
area. The total edge density estimate was calculated as the sum of the lengths (m) of all edge 
segments in the landscape divided by the total landscape area (m2), multiplied by 10,000 
(McGarigal and Ene 2013). For configurational heterogeneity, I used total edge density as it has 
been shown to be an important factor affecting mammals in fragmented landscapes (Garmendia 
et al. 2013). 
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2.2.5 Multi-species occupancy model 
I used a hierarchical multi-species occupancy model implemented in a Bayesian 
framework to test my hypotheses to determine how landscape context influences meso-mammal 
predator occupancy (Royle and Kéry 2007; Royle and Dorazio 2008; Russell et al. 2009; Zipkin 
et al. 2009; Kéry and Schaub 2012). The model follows a hierarchical structure with true 
occupancy state (latent state) informed by observed data (presence-absence).  The model 
designates zijt as the latent occupancy state of species i at site j during year t where zijt =1 if 
species i occupies site j at year t, and zijt =0 otherwise.  I modeled the latent occupancy state as a 
Bernoulli random variable, such that zijt ~ Bernoulli (Ψijtk) where Ψijtk is the probability that 
species i occurs at site j during year t and survey k. The observed occupancy state was modelled 
in a similar fashion, but as a product of the latent occupancy state and detection probability:  xijtk 
~ Binomial (θijtk*zijt), where θijtk is the detection probability of species i at site j during year t and 
survey k. If species i is detected at site j during year t and survey k, xijtk = 1and xijtk = 0 otherwise. 
I modeled Ψijtk on the logit-scale as a linear combination of site, year, and species-
specific covariates as follows: 
 
logit(ψijt1) = α0i + α1i*Yeart + α2i*Agejt + α3i*Waterjt + α4i*PCA1itj + α5i*PCA2 itj 




where the coefficient α1 represents the effect of year, α2, represents the effect of year 
since the stand was established, α3, represents distance of the site to potential water source, α4, 
α5, α6, represents effect of site- and species-specific habitat covariates (principle component 
axes 1, 2, and 3), and α7, represents the effect of total edge density.  
For the detection model, I assumed that detection probability varied by species:   
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where vi is a species-level intercept, β1 represents the effect of year. I assigned normal (0, 
0.35) prior distributions for each of the model parameters. 
I fit all models in JAGS called from R using the rjags package (R Development Core 
Team 2020; Plummer et al. 2019). The indicator variable selection method was used to 
determine the top model for each species to predict annual site occupancy (Hooten and Hobbs 
2015). This method allowed me to determine which coefficients best connect the data with the 
model and to then utilize these predictions to determine if predator occupancy affects prey 
occupancy. I ran the model for 100,000 Markov Chain Monte Carlo (MCMC) iterations, with an 
adaptation phase of 1,000 iterations, and thinned the posterior chains by 3. I tested model fit 
using a Bayesian P-value, based on Chi-square discrepancy measures (Gelman et al. 2004). I 
assessed model convergence by visual inspection of trace plots and through the Gelman-Rubin 
statistic, with values <1.1 indicating model convergence (Gelman and Rubin 1992; Gelman et al. 
2004; Burton et al. 2012). I reported posterior means and 95% Credible Intervals (CrI) to 
characterize the uncertainty of parameter estimates. 
2.3 Results 
I surveyed 57 stands for 5,460 total camera days during 2012 and 2013. After removing 
duplicate observations of individuals in a single trapping interval, I obtained 345 independent 
detections (n = 245 in 2012, n = 100 in 2013). Detections by species from 2012 and 2013, 
respectively, were: coyote = 31, 9; bobcat = 16, 10; opossum = 44, 12; raccoon = 137, 66; 
armadillo = 17, 3). The average age of stand was 3 years since establishment (min = 1 year since 
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disturbance, max = 6 years since disturbance) and average area of a stand was 47.12 ha (min = 
10.04 ha, max = 201.45 ha).  Average distance to nearest water source was 165.58 m (min = 0 m, 
max = 736.86 m). The average edge density per stand was 31.12 m/ha (min = 0 m/ha, max = 
266.77 m/ha). Variables included in each species model were tested for correlation using 
Pearson’s correlation coefficient, however, no correlation was found between any of the 
variables (Table A.2).  
The PCA analysis simplified landscapes into 3 environmental gradients to describe 
composition, with the exception of armadillo which was reclassified using 2 gradients (Table 
A.3).  For armadillo, land cover classes that best described the landscape within an armadillo 
core area were open pine – negatively (component 1) and non-pine – positively (component 2). 
The land cover classes that best described the landscape for a bobcat core area were closed pine - 
positively (component 1), open pine - negatively (component 2), and water - positively 
(component 3). Coyote core area was best described by closed pine – positively (component 1), 
open pine – positively (component 2), and water – positively (component 3). Land cover classes 
that described opossum core area were as follows: open pine – positively (component 1), non-
pine – negatively (component 2), and disturbed – positively (component 3). Lastly, raccoon core 
area was best described by the land cover classes of open pine – positively (component 1), non-
pine – positively (component 2) and disturbed – negatively (component 3).  
Each species had different parameters in the weighted top model (Table 2.2 & 2.3). In 
general, there was greater support for the landscape configuration hypothesis over landscape 
composition (Table 2.2 & 2.4). Edge density (a proxy for configuration) was included in more 
models than compositional variables (e.g., PCA1, PCA2, and PCA3). In fact, edge density was 
included in all of the top models except for opossum (Table 2.2). Edge density showed a positive 
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effect on occupancy for coyote, armadillo, bobcat, and raccoon (Figure 2.1-2.4). For every 1-unit 
change in edge density, I observed an increase in the log odds of occupancy by 7.32 times (CrI: 
0.94, 64.71) for armadillos, 3.53 (CrI: 0.41, 37.71) for bobcats, 4.90 (CrI: 0.77, 41.26) for 
coyotes, and 11.25 (CrI: 3.10, 50.40) for raccoons. 
Compositional variables did have some influence on mammalian occupancy (Table 2.2). 
For armadillos, a 1-unit change in open canopy pine decreased the log odds of occupancy by 
0.32 times (CrI: 0.09, 0.93) (Figure 2.1). In contrast, a 1-unit increase in non-pine forest, resulted 
in the log odds of occupancy of armadillos increasing by 7.92 times (CrI: 1.12, 79.84). Among 
coyotes, the log odds of occupancy increased by 3.19 times (CrI: 1.00, 23.10) and 3.29 (CrI: 
0.85, 18.73) for every 1-unit change in closed canopy pine and amount of water, respectively 
(Figure 2.3).  
Both age of stand and distance to water were also included in the top model for armadillo 
(Figure 2.1). Distance to water showed a negative effect on occupancy of armadillo, as the log 
odds of occupancy decreased by 0.27 times (CrI: 0.08, 0.75) for every 1-unit change; whereas, 
age of stand had a positive effect, increasing the odds of occupancy by 8.76 times (CrI: 2.51, 
42.10). 
2.4 Discussion 
This study investigated the effects of surrounding landscape on meso-mammal occupancy 
in early-successional forest patches using camera traps. I found that both landscape configuration 
and composition had an effect on the occupancy of the 5 meso-mammals included in this study. 
However, edge density (a proxy for landscape configuration) was included in more models for 
this guild than the compositional variables, thus supporting the landscape configuration 
hypothesis that posits spatial arrangement influences species occupancy (Villard et al. 1999). 
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I observed a positive relationship between edge density and species occupancy for most 
meso-mammals. Several studies have shown similar patterns, suggesting that habitat edges 
provide higher prey densities for foraging opportunities and travel lanes for meso-mammals 
(Bider 1968; Gates and Gysel 1978; Marini et al. 1995; Dijak and Thompson 2000, Salek et al. 
2010, Brodie et al. 2015). Edges also provide loafing and den sites (i.e., hollow trees, logs, and 
brush piles) for several species in the meso-mammal community (Thomas et al. 1992; Pedlar et 
al. 1997; Henner et al. 2004; Chamberlain et al. 2007), which are common within my study area. 
Because stands surveyed in this study are owned and managed by an industrial timber company, 
edges resulting from frequent harvest and thinning operations requiring travel corridors and 
roads for machinery are prevalent.  
Distance to nearest water source can be important as it provides accessible water and 
tends to occur in bottomlands, which also provide foraging and denning opportunities (Stuewer 
1943; Leberg and Kennedy 1988, Chamberlain et al. 2003b). I observed a significant negative 
effect of distance to nearest water on armadillo occupancy, but no effect on other species 
occupancy. This lack of effect on other species models could be due to the prevalence of 
streamside management zones (SMZs) throughout the study area. Streamside management zones 
are areas of natural forest stands that occur along streams, and are common within pine 
plantations to help improve water quality (Miller et al. 2004). Therefore, SMZ presence 
throughout this study area provided ample water sources, alleviating constraints on water 
availability and access to foraging and denning opportunities for meso-mammals. The effect of 
distance to water observed on armadillo occupancy may also be explained by core area used by 
armadillo, which is considerably smaller than the other species studied. With this in mind, I 
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would expect that if distance to water would have an effect on any of these 5 species, it would be 
most pronounced among armadillo. 
When observing the effect of stand age, or years since disturbance, armadillo was the 
only species significantly affected. Armadillo occupancy was positively affected by age of stand, 
which is consistent with observations made within a population of armadillo at Tall Timbers 
Research Station (McDonough and Loughry 2005). In another study, armadillos tended to avoid 
areas with recent disturbance, which could be due to the removal of understory occurring 
immediately after a disturbance, which sometimes takes years to regenerate (Gammons et al. 
2009). Although the exact benefits of cover for armadillos is still unclear, potential reasons could 
be higher prey abundance and/or predator avoidance (Fitch et al. 1952, McDonough et al. 2000, 
Gammons et al. 2009). While armadillo tend to be affected by stand age, the other meso-
mammals in this study are less affected, benefitting from resources associated with a wider range 
of stand ages (Chamberlain et al. 2000, Chamberlain et al. 2003, Chamberlain et al. 2003b, 
Wilson 1996). As such, resources and cover types consistent with each of the stand ages 
surveyed in this study may have supported these meso-mammals at various stages, thus 
obscuring any effect on occupancy. 
Effect of landscape composition on occupancy was observed for coyote and armadillo 
only. Closed canopy pine and amount of water were positively correlated with occupancy of 
coyotes. Coyotes have been observed to use a variety of land cover types, including young pine 
plantations, brushy areas, bottomland hardwood, and even pastures (Holzman et al. 1992; 
Chamberlain et al. 2000). However, Holzman et al. (1992) found that coyotes used areas with 
sufficient cover during the daytime as rest sites, and more open and early successional habitat 
areas for nocturnal foraging. That study also found that mature (> 5 m height) pine plantations 
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were used more frequently in the summer, specifically by females, suggesting that this particular 
habitat type may provide more suitable den sites than the others. This observation helps explain 
why I observed some adult coyotes and their pups using closed canopy pine stands, as our study 
was conducted in May – July, shortly after the pup season, the only time dens are used (Holzman 
et al. 1992).   
Open canopy pine and non-pine forests had positive effects on armadillo. These findings 
are consistent with research conducted by McDonough et al. (2000) who found that armadillos 
preferred hardwood habitat type and avoid mature pine. However, their study provided little 
explanation for the reasoning behind this preference. Other research has shown that habitat 
selection may not be a main factor in determining armadillo distribution, but rather, prey 
availability or anti-predator strategies (Gammons et al. 2009). Comparatively, my top model for 
armadillo occupancy included 5 out of the 6 variables, as only 2 PCA variables were used for 
armadillo analysis, indicating that there are other factors beyond habitat type that influence 
occupancy.  
Bobcat, raccoon, and opossum did not show any preference to specific habitat types 
within their core area in this study. This is consistent with other findings, as meso-mammals in 
this study tend to exist in diverse landscapes in Southeastern USA. Bobcats in Mississippi were 
shown to use early-successional pine, mature pine, hardwood, and disturbed areas (Chamberlain 
et al. 2003). Raccoons use multiple habitat types including pine of all seral ages, hardwoods, and 
pine-hardwoods to meet the necessary requirements for survival (Chamberlain et al. 2003b). 
Opossums have too shown habitat preference of various seral ages of pine, hardwood, and pine-
hardwood stands (Gardner 1982; Wilson 1996). 
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There are several important caveats that should be addressed in this study. I focused on 
landscape metrics at the core area scale because it represents concentrated use within home 
ranges (Ewer, 1973; Leuthold, 1977). Species-specific core area estimates used in this study 
were gathered from previous studies in Mississippi and the southeastern USA featuring similar 
habitat conditions. However, they were not estimated within this exact survey location, so 
estimates may have varied to some degree. Furthermore, stands were sampled in consecutive 
years, thus requiring the use of year as a covariate in the model to obtain year-specific estimates. 
While I attempted an open occupancy model to explicitly model colonization and extinctions 
within years, model convergence was poor and estimates were inconclusive.  
Overall, this study showed that landscape heterogeneity can affect meso-mammal 
communities at landscape scales. The amount of edge positively affects meso-mammals by 
providing travel lanes and foraging opportunities (Bider, 1968; Gates and Gysel, 1978; Marini et 
al., 1995; Dijak and Thompson 2000). The spatial arrangement of complementary resources (i.e. 
compositional heterogeneity) can affect how meso-mammals, particularly armadillos and coyotes 
in this study, occupy different areas across the landscape (Dunning et al. 1992). With this in 
mind, managers should consider the implications of landscape management on meso-mammal 
occupancy, as changes in these communities can have broader reaching impacts, particularly 




Table 2.1 Predictions for effect of species-specific resource cover types on occupancy for 





Species Resource Cover  Prediction Literature 
Armadillo Closed pine Decrease Gammons et al. 2009 
 Open pine Increase Gammons et al. 2009 
 Non-pine forest Increase McDonough et al. 2000 
 Road Increase - 
 Disturbed Neutral Gammons et al. 2009 
 Water Increase - 
Bobcat Closed pine Increase Chamberlain et al. 2003 
 Open pine Increase Chamberlain et al. 2003 
 Non-pine forest Neutral Chamberlain et al. 2003 
 Road Increase - 
 Disturbed Neutral Chamberlain et al. 2003 
 Water Increase - 
Coyote Closed pine Increase Chamberlain et al. 2000 
 Open pine Neutral Chamberlain et al. 2000 
 Non-pine forest Neutral Chamberlain et al. 2000 
 Road Increase - 
 Disturbed Neutral Chamberlain et al. 2000 
 Water Increase - 
Opossum Closed pine Increase Wilson 1996 
 Open pine Decrease Wilson 1996 
 Non-pine forest Increase Wilson 1996 
 Road Increase - 
 Disturbed Decrease Wilson 1996 
 Water Increase Gardner 1982 
Raccoon Closed pine Neutral Chamberlain et al. 2007 
 Open pine Neutral Chamberlain et al. 2007 
 Non-pine forest Neutral Chamberlain et al. 2007 
 Road Increase - 
 Disturbed Neutral Chamberlain et al. 2007 
 Water Increase Chamberlain et al. 2007 
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Table 2.2 Top models for the five meso-mammal species occupancy models. Model weights are based off Gibbs variable 
selection. 
Species Top Model(s) Weight 
Armadillo α0 +α1*Year + α2*Age + α3*Water + α4*PCA1+ α5*PCA2 + α6*EdgeDensity 0.15 
Bobcat α0 +α1*Year + α2*EdgeDensity 0.07 
Coyote α + α1*PCA1 + α2*PCA3 + α4*EdgeDensity 0.03 
Opossum α0 +α1*Year 0.07 














Table 2.3 Global and null models for the five meso-mammal species models, for reference. 
Model weights are based off Gibbs variable selection. 
Species Global Model Weight1 Null Model Weight2 
Armadillo 0.15 0.00 
Bobcat 0.00 0.00 
Coyote 0.00 0.02 
Opossum 0.00 0.04 
Raccoon 0.00 0.00 






Table 2.4 Posterior probabilities of parameter inclusion of coefficients in each species-
specific model. Probabilities of 0.5 or greater were included in the top model for 
that specific species. 
Species Year Age Water PCA1 PCA2 PCA3 Edge Density 
Armadillo 0.85 0.98 0.89 0.75 0.92 - 0.56 
Bobcat 0.83 0.27 0.25 0.26 0.35 0.36 0.59 
Coyote  0.48 0.44 0.28 0.65 0.41 0.51 0.58 
Opossum 0.54 0.24 0.47 0.20 0.30 0.36 0.43 



















Figure 2.1 Posterior parameter estimates and 95% Bayesian credible intervals for effect of age 
of stand (a), distance to water (b), open canopy pine (c), non-pine forest (d), and 




Figure 2.2 Posterior parameter estimates and 95% Bayesian credible intervals for effect of 






Figure 2.3 Posterior parameter estimates and 95% Bayesian credible intervals for effect of 
canopy cover (a), amount of water (b), and edge density (c) on coyote occupancy 




Figure 2.4 Posterior parameter estimates and 95% Bayesian credible intervals for effect of 
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NORTHERN BOBWHITE (COLINUS VIRGINIANUS) BREEDING SEASON  
OCCUPANCY IN A MANAGED ECOSYSTEM 
3.1 Introduction 
The effect of landscape composition and configuration on population distributions is a 
central theme in wildlife ecology (Saunders et al. 1991, Gustafson and Gardner 1996, Mimet et 
al. 2016, Fahrig et al. 2011). Heterogeneity across landscapes caused by natural and 
anthropogenic disturbance is prevalent on every continent (Saunders et al. 1991). These 
alterations to the landscape can affect biological processes such as distribution of resources, 
competition, and dispersal (Molles 2008), ultimately influencing animal space use non-
randomly, resulting in variation in occupancy over space and time (Hanski and Gilpin 1991, 
Fahrig et al. 2011).  
Spatial heterogeneity due to fragmentation often results in patchy landscapes of varying 
size, shape, juxtaposition, and connectivity, which influences competition, predation, and 
resource availability for individuals (Saunders et al.1991). Animal distribution and movement, 
like occupancy, can show significant variation among patches due to differences in isolation and 
structure of the surrounding matrix, with closer and larger patches having greater exchange of 
dispersing organisms (MacArthur and Wilson 1967, Gustafson and Gardner 1996). Patch 
selection by individuals is related to resource rewards and constraints such as predation risk and 
competition (Brown 1987, Lima and Dill 1990, Pyke 1984). When a patch changes in quality 
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over time due to disturbance or other causes, animals move from the patch of diminishing 
resources into a patch with greater resources or reduced constraints, which forces the animal to 
make search movements to find other patches (Pyke 1984). Individuals occupying these patches 
are considered subpopulations of a larger metapopulation (Hanski and Gilpin 1997). The 
constant flux of individuals among patches and subpopulations creates local colonization and 
extinction (Hanski 1998). 
Northern bobwhite (Colinus virginianus; hereafter, bobwhite) are an ideal focal species to 
study these landscape dynamics because of their historical significance and socioeconomic value, 
especially in the southeastern United States (Burger et al. 1999). Bobwhites have faced 
significant population declines across their range in the past 5 decades, most likely due to habitat 
loss, habitat fragmentation, predation, use of pesticides, which has led to reduced availability of 
food resources (e.g. seeds and insects), and cover for nesting and roosting (Brennan 1991, Sauer 
et al. 2000, Burger 2002).  
Herbaceous vegetation maintained by frequent disturbance provides the necessary food 
resources for both chicks and mature bobwhite (Stoddard 1931, Roseberry and Sudkamp 1998, 
Marsh 2011). Herbaceous communities of grasses, forbs, and legumes—important bobwhite 
food sources—respond favorably following a disturbance event (e.g., timber harvest, prescribed 
fire, or disking; Burger 2001, Marsh 2011). As these plant communities’ age with no 
disturbance, bare ground declines, litter accumulates, and vegetation density increases, which 
significantly reduces habitat quality for bobwhites (Burger 2001, Marsh 2011). Highly disturbed 
landscapes managed for timber production can provide ephemeral habitat patches through 
frequent timber harvest, but it is unclear how often these patches are occupied and for how long 
(Dessecker and McAuley 2001, Trani et al. 2001).  
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Bobwhites require numerous habitat types to develop, survive, and reproduce (Dunning 
et al. 1992, Taylor et al. 1993, Law and Dickman 1998). Unlike other facultative grassland birds, 
this gallinaceous species is limited in its mobility (Stoddard 1931, Brennan 1999, Burger et al. 
1999, Fies 2002). Therefore, it is critical that these resources are present throughout the 
landscape and in close proximity, as movements present increased risk of mortality and energy 
expenditure (Taylor et al. 1999). Consequently, bobwhites are an ideal species to test the 
landscape complementation hypothesis, as the arrangement of the landscape should impact the 
accessibility of complementary resources (Dunning et al. 1992, Pope et al. 2000, Kamps et al. 
2017).  
Bobwhite space use is likely influenced by the distribution of predators (Stoddard 1931, 
Burger et al. 1995, Rollins and Carroll 2001, Staller et al. 2005). During nesting season, 
mammals account for 59% of bobwhite nest predation (Staller et al. 2005). Given that predation 
is detrimental to bobwhite survival, it is presumed by the risk allocation hypothesis that 
bobwhites exhibit anti-predator behavior in response to temporally changing risks (Lima and 
Bednekoff 1999, Perkins et al. 2014). Although several studies have explored predation risk via 
flight, few studies have examined how the presence of predators in the surrounding landscape 
influence bobwhite occupancy (Stoddard 1931, Kassinis and Guthery 1996, Perez et al. 2002, 
Perkins et al. 2014).   
This study explored the effect of habitat structure and predator distribution on bobwhite 
occupancy. I investigated the effects of landscape context and isolation of resource patches on 
bobwhite occupancy, and quantified the spatial and temporal relationship between co-occurring 
bobwhite and meso-mammals among habitat patches in an industrial pine system. Following the 
food availability hypothesis, I predicted that patches featuring more plants identified as bobwhite 
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food as outlined in Marsh (2011), will have greater bobwhite occupancy. Based on the theory of 
ecological succession, I predicted that as patches progress through time since disturbance (in this 
study, timber harvest), bobwhite occupancy will decrease. I hypothesized that the richness and 
evenness of patch diversity and proximity to other similar patches will influence bobwhite 
occupancy following the landscape complementation hypothesis. I predicted patches with greater 
surrounding diversity and in closer proximity to similar patches would have greater bobwhite 
occupancy. Lastly, I hypothesized that bobwhites would trade-off the risk of predation and 
breeding opportunities by using anti-predator strategies such as changing space use (occupancy) 
to avoid predators. Therefore, I predicted following the risk allocation hypothesis that an 
increase in predator occupancy would result in a decrease of bobwhite occupancy.   
3.2 Material and Methods 
3.2.1 Study Area 
This study was conducted in the Interior Flatwoods (Pettry 1977) and Upper Coastal 
Plain regions of east-central Mississippi, in Kemper County, approximately 6 km southwest of 
Scooba (32º47’30”E, 88º30’61”N) in an intensively managed pine plantation (Elmore et al. 
2005; Iglay 2010). Focal timber stands sampled occurred within approximately 9,600 hectares of 
mostly (70%) contiguous, managed loblolly pine (Pinus taeda) stands of various age, owned and 
managed by Weyerhaeuser Company for pine saw timber (DBH > 22.9 cm) production. The 
remaining cover types included mature pine-hardwood or hardwood (27%) primarily along 
streams (i.e., streamside management zones; SMZs), and non-forested areas (e.g., roads, 
firebreaks, and timber loading docks; 3%) (Iglay 2010). Typical forest management within the 
area included clear-cut harvest of existing pine stands followed by site preparation 
(mechanical/chemical), tree planting at approximately 1,112 trees per hectare, herbaceous weed 
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control, thinning to approximately 297 trees per hectare, and final harvest at 25 – 30 years of age. 
Mean annual temperatures were 15.9ºC – 17.8ºC (minimum and maximum), with mean annual 
precipitation of 140 cm (83 – 197 cm; NOAA, 2013). 
3.2.2 Sampling Design 
I classified the study area into forest stands based on vegetation composition, structure, 
and management units in ArcGIS 10.1 (ESRI 2011) via shapefiles provided by Weyerhaeuser 
Company. I digitized 2012 Ortho National Agriculture Imagery Program (NAIP) imagery and 
2012 Bing Maps imagery using ArcGIS 10.1. Based off the surrounding land cover, I classified 
land cover into 6 different classes: open canopy pine forest, closed canopy pine forest, non-pine 
forest, disturbed, road, and open water. Open canopy pine forests occur when the tree crown 
does not overlap. Closed canopy pine forests are those in which tree crowns overlap and prohibit 
penetration of sunlight through the crown cover. Non-pine forest included mature hardwood 
trees often located in streamside management zones. Disturbed land cover included row crop 
fields and pasture. Road classification consisted of highway, county roads, and log roads, and 
open water was visible ponds and open bodies of water. These land cover classes are consistent 
with previous research in our study system (Chamberlain et al. 2000, Chamberlain et al. 2003, 
Chamberlain et al. 2003b, Gammons et al. 2009, Wilson 1996).  
Open canopy pine forests intersected by features, such as firebreaks, were aggregated into 
a single patch if the inter-polygon distance was less than 100 m. Patches < 5 years since 
establishment and > 10 ha in size were considered structural patches of early-successional 
vegetation. Patches >5 years post establishment were dominated by woody vegetation and the 
pine canopy was semi-closed (Marsh 2011, Foggia 2015). Patches <10 ha were excluded as they 
are non-typical for land management and made up 8% of the study area. The remaining patches 
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were stratified into 5 age classes for year 1 (2012): 1-, 2-, 3-, 4- and 5-years post loblolly pine 
(Pinus taeda) tree planting. Due to the progression of succession in my study area, in year 2 
(2013) I added 7, 1-year old patches to the study to make a total of 6 age classes (1-, 2-, 3-, 4-, 5-
, and 6- years since disturbance). Three to 14 patches from each stratum were chosen at random 
(Garton et al. 2005). A variation in sample size per stratum was constrained based off 
accessibility to collect data. Age classes with lower sample sizes included patches that were 3-, 
4-, and 5- years since disturbance. 
Each patch contained 2 survey points, one randomly located on the patch boundary (i.e. 
edge) and one at the centroid (Figure B.1). For each patch, I used ArcGIS 10.1 to calculate patch 
area and year of stand establishment. Avian, meso-mammal, and vegetation sampling were all 
conducted at each survey point.   
3.2.3 Avian Sampling 
I used a robust occupancy sampling design with 2 primary sampling periods and 6 
secondary sampling periods within each primary period (Pollock 1982, 1990). Surveys were 
conducted during May–July, which captures the majority of the bobwhite breeding season 
(Stoddard 1931). Each primary sampling period lasted roughly 90 days and consisted of 6 equal-
interval secondary periods. I used point counts to survey avian species within patches. Each 
survey point was located at least 250 m from one another to reduce double counting (Ralph et al. 
1995). Additionally, each point within a patch was simultaneously surveyed by 2 observers, 
allowing observers to deliberate post-survey to reduce double counting. Observers were 
randomly allocated to sites on each survey occasion to minimize observer effect (MacKenzie et 
al. 2003). Surveys were conducted between sunrise and no more than 3 hours after sunrise. Each 
survey persisted for 10 minutes, during which observers identified all males by auditory and/or 
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visual observation.  I did not conduct surveys during rain events, during heavy fog, or when wind 
exceeded 10 mph. 
3.2.4 Meso-mammal Sampling 
I used infrared Bushnell Trophy Cam XLT cameras (O’Connell et al. 2006, Bushnell 
2011) to take photos of mammals. Species included Coyotes (Canis latrans), Bobcats (Lynx 
rufus), Raccoons (Procyon lotor), Virginia opossum (Didelphis virginiana), and Nine-banded 
armadillos (Dasypus novemcinctus). I placed one camera at each bird survey point, where it 
remained active for a 14-day period. Cameras were mounted on a post at 1 – 1.5 m above ground 
and commercial skunk lure was placed 3 – 4 m away, inside a small container (i.e., medicine 
bottle) filled with a cotton ball (Cove et al. 2013). Upon a triggering event activating the cameras 
motion sensor, photos were taken every 10 seconds. I used 14 days (336 hours) as my detection 
interval from 1 June 2012 – 29 July 2012 and 19 May 2013 – 26 July 2013. Upon retrieving 
cameras, I examined photos identifying each species, time of day, and date captured.  
Independent detections were differentiated by a 30-minute time interval between detections 
(Kelly and Holub 2008). This data was used to calculate a predator richness estimate (see 
Chapter 1) and was incorporated in the bobwhite occupancy model to examine the effects of 
predation risk. 
3.2.5 Vegetation Sampling 
To quantify food availability and vegetation density I took local-scale vegetation 
measurements at each bird survey point. At each survey point I randomly selected an azimuth to 
place a 30 m transect from the point of origin. I then measured visual obstruction of vegetation 
using Nudds’ board and the Daubenmire canopy cover method (Daubenmire 1959, Nudds 1977, 
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Table B.2).  I took Nudds’ board measurements every 5 m for 30 m in each of the 4 cardinal 
directions from bird survey points for all 6 intervals. I used the line-intercept method to 
determine plant composition throughout each plot (Coulloudon et al. 1999). I identified species 
intercepting the line every 50 cm for 30 m. Following Marsh (2011), I classified plants as 
bobwhite food, then calculated their prevalence in each transect, and then calculated an average 
per plot to use as an index for food availability. 
3.2.6 Landscape Measurements 
Landscape-scale data was calculated using ArcGIS 10.1 (ESRI 2011) and FRAGSTATS 
v4.2 (McGarigal and Ene, 2013). Patches throughout the study area were buffered by 2000 m 
based off bobwhite dispersal distances reported in the literature (Cook 2006). I calculated 
proximity index based upon the focal patch area and proximity of all patches whose edges are 
within 2000 m of the focal patch to be used as an indicator of isolation (Gustafson and Parker 
1992). When the proximity index = 0, no neighbors of the same patch are within 2000 m. 
Conversely, as the proximity index increases, the neighborhood is increasingly occupied by 
patches of the same type and they become closer and more contiguous in distribution (McGarigal 
and Ene 2013). To estimate landscape diversity of cover, I calculated the Shannon’s diversity 
index (SHDI). This index measures the number of different patch types and their abundance 
within the defined area.  For this study, I calculated the amount of each of the 6 land cover types 
within 2000 m of the focal patch. When SHDI = 0, no diversity in patch type is present. When 
SHDI > 0 then diversity increases as the proportional distribution of area among the 6 land cover 
types becomes more equitable (Shannon and Weaver 1949, McGarigal and Ene 2013). 
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3.2.7 Hierarchical occupancy model 
I used a hierarchical occupancy model to test hypotheses regarding the impact of predator 
distribution, age of stand since disturbance, food availability, and landscape structure on 
bobwhite occupancy (Royle and Kéry 2007; Royle and Dorazio 2008; Russell et al. 2009; Zipkin 
et al. 2009; Kéry and Schaub 2012). This model follows a hierarchical structure with true 
occupancy state (latent state) informed by the observed data (presence-absence), where zjt is the 
latent occupancy state at site j during year t and zjt =1 if site j at year t is occupied, and zjt =0 
otherwise. I modeled the latent occupancy state as a Bernoulli random variable, such that zjt ~ 
Bernoulli (Ψjkt) where Ψjkt is the probability of occupancy occurring at site j for survey k during 
year t. The detection – non-detection data were modelled in a similar fashion, but as a product of 
the latent occupancy state and detection probability:  xjtk ~ Binomial (θjtk*zjt), where θjtk is the 
detection probability of occurrence at site j during year t and survey k. If at least one bobwhite 
was detected at site j during year t and survey k, xjtk = 1 and xjtk = 0 otherwise. 
I modeled Ψjkt on the logit-scale as a linear combination of site, year, and covariates as 
follows: 
 





where the coefficient α1 represents the effect of year since the stand was established, α2 
represents the effect of food availability, α3 represents the effect of landscape diversity, α4 
represents effect of the predation richness, and α5 represents the effect of proximity to similar 
age stands. I assigned normal (0, 0.35) prior distributions for each of the model parameters. 
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I used JAGS called from R using the rjags package to fit models to data (R Development 
Core Team 2020; Plummer et al. 2020). I used the indicator variable selection method to 
determine the top model for each species to predict annual site occupancy (Hooten and Hobbs 
2015). This method allowed me to determine which coefficients best fit the data to the model and 
utilize these predictions to determine whether predator occupancy affects prey occupancy. I ran 
the model for 100,000 Markov Chain Monte Carlo (MCMC) iterations, with an adaptation phase 
of 1,000 iterations, and thinned the posterior chains by 3. I tested model fit using a Bayesian P-
value, based on Chi-square discrepancy measures (Gelman et al. 2004). I assessed model 
convergence by visual inspection of trace plots and through the Gelman-Rubin statistic, with 
values <1.1 indicating model convergence (Gelman and Rubin 1992; Gelman et al. 2004; Burton 
et al. 2012). I report posterior means and 95% Credible Intervals (CrI) to characterize the 
uncertainty of parameter estimates. 
3.3 Results 
I surveyed 57 stands for a total of 606 avian surveys during 2012 and 2013. I obtained 
239 independent male bobwhite detections (n = 138 in 2012, n = 101 in 2013). The average age 
of stand was 3 years since establishment (min = 1 year since disturbance, max = 6 years since 
disturbance) and average area of stand was 47.12 ha (min = 10.04 ha, max = 201.45 ha). The 
average proportion of food available in each stand based upon the overall vegetation present was 
0.64 (min = 0.24, max = 0.81), SHDI average was 0.57 (min = 0.19, max = 0.79), and the 
average proximity index was 215,278 (min = 175.77, max = 2,014,508.0). Average predator 
richness between both years was 2.19 (min = 0, max = 5). Summary statistics for each of these 
parameters including standard deviation by individual year is listed in Table 3.1. Minimal 
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correlation was found between these covariates using Pearson’s correlation coefficient (Table 
3.2). 
The top model according to Gibbs variable selection included stand age (Table 3.3). The 
second most supported model had 1/3 of the weight as the top model, and the global and null 
model had virtually no support. Each of the 5 most supported models contained age of stand. 
Results indicated that bobwhite occupancy declines as age of the stand increases. For every 1-
unit change in age of stand, the log odds of occupancy decreased by 1.93 times (CrI: 3.16, 1.30; 
Figure 3.1). A post hoc exploration of a bare ground and vegetation density indicated strong 
relationships with stand age. Bare ground decreased as stand age increased, reaching zero at 5-6 
years post-disturbance (Figure 3.2). Conversely, vegetation density increased as stand age 
increased, reaching nearly 100% obstruction at 5-6 years post-disturbance (Figure 3.3).   
3.4 Discussion 
In my study area, bobwhite occupancy decreased as the time since disturbance of a 
habitat patch increased. This outcome aligns with my original prediction based on the theory of 
ecological succession, which assumes that a species is adapted to a specific seral stage, and 
previous research showing bobwhite preference of early-successional habitat (Burger 2002). 
Analogous to other research, my results showed that as the age of stand increased the amount of 
bare ground decreased and vegetation density increased (Burger 2001, Ellis et al. 1969, Marsh 
2011). Contrary to my other predictions, no other covariates significantly influenced occupancy.  
Bobwhites have been documented favoring early successional communities that are 2-5 
years since disturbance as these communities tend to have minimal litter present, which allows 
adult and chick bobwhites to move about freely, which is especially important during the 
breeding season (Hurst 1972, Brennan 1991, Burger 2002). Additionally, these communities 
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include various grasses, forbs, annual “weedy” plants, which provide forage for adults, 
herbaceous cover from predators, and attract insects which are a critical source of protein for 
chick growth (Hurst 1972, Kamps et al. 2017). Older stands > 5 years since disturbance feature 
greater litter accumulation, grasses, shrubs, and trees, which are less ideal for nesting and brood-
rearing as they tend to limit mobility, offer less food availability, and pose greater risk of 
predation (Burger 2002). Likewise, the functional relationship between age of stand and litter 
accumulation was found in this study and was shown to negatively affect bobwhite occupancy.   
Food availability within my study site was ample, with the minimum amount of bobwhite 
food available in any given patch comprising 24% of the plant composition present. 
Consequently, results of my study did not support my original prediction that greater food 
availability would positively influence bobwhite occupancy (Pyke et al 1977). This could be due 
to various reasons. First, the prevalence of food I documented could mean that there was a lack 
of spatial variation in food availability across patches in this study. Patches ranged from 1-6 
years since disturbance, and consisted mainly of early-successional plant species that provide 
food availability throughout the growing season for bobwhites (Burger 2002, Marsh 2011). 
Therefore, surveying patches beyond 6 years since disturbance may have allowed me to detect a 
stronger variation in proportion of food availability and any associated impact it may have on 
bobwhite occupancy.  Additionally, the calculation of food availability in this study was based 
off the assumption that forage quality and seed production were consistent across sites. It has 
been shown that prescribed fire provides greater biomass in plants and seed production (Stoddard 
1931, Hurst 1972, Brennan et al. 2000, Burke et al. 2008); however, fire is not a management 
tool in this managed system as it has negative impacts on the quality of timber that is harvested. 
Therefore, we cannot determine whether the vegetation sampled provides the quality and 
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quantity of food that quail need. Lastly, the diet of a bobwhite also consists of insects, which 
were not sampled in this study (Stoddard 1931, Hurst 1972, Brennan et al. 2000, Kamps et al. 
2017). 
Results of my study did not support the landscape complementation hypothesis, which 
may be explained by several factors. The average home range of bobwhites during the breeding 
season in Georgia is 16.77 ha with a range of 7.39-33.88 ha (Terhune et al. 2006). However, the 
average patch size in this study was 47.12 ha (minimum 10.04 ha). Therefore, patch size within 
my study may have been too large to detect any influence of complementary resources because 
individuals may not have had to leave the patch throughout the survey period, assuming suitable 
resources were available (Doggett and Locher 2018). Conversely, the SHDI was < 1 for all 
patches, which implies a lack in diversity of land cover types (Gorelick 2006). With this in mind, 
it is possible that bobwhite may not perceive the diversity of land covers or that proximity of 
other suitable resources was too far for an individual to perceive (Lima and Zollner 1996). These 
findings may also imply that individuals did not need to disperse as far as initially predicted to 
find suitable resources. As such, landscape metrics should have been measured at a finer scale. 
Contrary to my original prediction, the presence of meso-mammal predators had a 
minimal impact on bobwhite occupancy. Meso-mammal predator occupancy and spatial 
distribution was relatively uniform throughout my study landscape. Therefore, bobwhite may not 
have detected any variation in predation risk, which could explain why I did not observe a 
significant effect on bobwhite occupancy. Alternatively, bobwhites may not have been 
influenced by predator richness as they were solely focused on finding a mate to reproduce. 
Another reason could be that I did not sample all of the adult bobwhite predator guilds that could 
have influenced occupancy. Raptors are also predators of bobwhite attributing to 16-25% of 
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adult mortalities (Carter 1995, Burger et al. 1998, Rollins and Carroll 2001). Looking ahead, 
additional research should be conducted to examine how predation relates to bobwhite 
demographics (Rollins and Carroll 2001, Burger 2002, Staller et al. 2005, Palmer et al. 2019). 
More studies should investigate this particular relationship between bobwhite and predators to 
see if a lack of predator avoidance is replicated.   
Overall, results of my study suggest that patch dynamics, specifically age of stand since 
disturbance have an effect on bobwhite occupancy. While I did not observe a significant effect of 
food availability, landscape complementation, or predator richness on bobwhite occupancy at 
this particular landscape-scale, my results did support the necessity of resource (i.e. bare ground 
and sparse vegetation density) availability at the patch level. With this in mind, managers should 
consider increasing the frequency of disturbance (i.e. timber harvest, site preparation) when 
implementing management decisions for bobwhite, as these results highlight the importance of 
habitat/resources associated with these early stages of succession. As bobwhite continue to 
decline in fragmented landscapes, the importance of studies focusing on patch dynamics cannot 
be over stressed. Therefore, it is my recommendation that additional studies be conducted that 






Table 3.1 Summary statistics for all variables used in the global northern bobwhite occupancy model. 
 2012  2013 
 Mean SD Max Min  Mean SD Max Min 
Age 2.688 1.504 5 1  3.216 1.724 6 1 
Food 0.66 0.082 0.813 0.4  0.615 0.124 0.803 0.241 
Diversity 0.587 0.101 0.79 0.331  0.562 0.098 0.713 0.192 
Predator 3.25 0.812 5 2  1.118 0.887 3 0 





Table 3.2 Table 3.1 Correlation table using Pearson r values showing correlation 
coefficient for all variables used in the global northern bobwhite occupancy 
model. 
 
Variable Age Food Diversity Predator Proximity 
Age 1 0.127 0.14 0.229 -0.28 
Food 0.127 1 -0.04 0.004 -0.016 
Diversity 0.14 -0.04 1 0.236 0.031 
Predator 0.229 0.004 0.236 1 0.125 
Proximity -0.281 -0.016 0.031 0.125 1 
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Table 3.3 Table 3.3 Top models for the five most supported northern bobwhite occupancy 
models including the global and null models for reference. Model weights are 
based off Gibbs variable selection. 
 
Rank Top Model(s) Weight 
 
1 α + α1*Age  0.39 
2 
α + α1*Age + α4*Predator 0.13 
3 α + α1*Age + α2*Food 0.10 
4 α + α1*Age + α3*Diversity 0.09 
5 α + α1*Age + α3*Proximity 0.07 
Global α + α1*Age + α2*Food + α3*Diversity + α4*Predator + α5*Proximity 0.00 





Figure 3.1 Posterior parameter estimates and 95% Bayesian credible intervals for effect of 







Figure 3.2 Estimates for proportion of bare ground in a) 2012 b) 2013 by age of stand (years) 





Figure 3.3 Figure 3.2Estimates for vegetation density in a) 2012 b) 2013 by age of stand 
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Species Core Area (ha) Reference 
Coyote 374 Chamberlain et al. 2000 
Bobcat 301.5 Chamberlain et al. 2003 
Opossum 61.11 Wilson 1996 
Raccoon  39.85 Chamberlain et al. 2003b 
Armadillo 4.65 Gammons et al. 2009 
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Table A.2 Correlation table for variables included in the five species occupancy models. The 
top quadrat of the table are variables measured in 2012 and the bottom quadrat is 
from 2013 a) armadillo b) bobcat c) coyote d) opossum, and e) raccoon. 
A) 
Variable ED PCA 1 PCA 2 PCA 3 Age Water 
ED   0.3681626 0.2911522   0.194169 0.04756064 
PCA 1  0.03129155   0.06175841   0.4064602 -0.0757116 
PCA 2  0.3923123 -0.034499     0.1270386 -0.2150693 
PCA 3             
Age 0.02707255 0.6770115 -0.2218323     -0.2133601 
Water -0.0518863 -0.2285885 -0.2394319   -0.2005455   
 
B) 
Variable ED PCA 1 PCA 2 PCA 3 Age Water 
ED   -0.6889361 -0.0283552 -0.1483345 -0.0399459 -0.0362837 
PCA 1  -0.142696   0.1404792 -0.0105029 0.1362767 -0.2243375 
PCA 2  0.01715613 -0.0849039   -0.2528301 0.3569277 0.07365773 
PCA 3 -0.0351785 -0.0402714 0.07017543   0.03927952 0.2936915 
Age -0.1626486 0.3080589 -0.2099353 0.00957449   -0.2133601 
Water 0.01757761 -0.2246003 -0.2151027 0.2630496 -0.2005455   
 
C) 
Variable ED PCA 1 PCA 2 PCA 3 Age Water 
ED   -0.6968115 0.06237582 -0.100623 -0.0377304 -0.0287294 
PCA 1  -0.1629812   -0.1141625 -0.1291234 0.1302133 -0.2730424 
PCA 2  0.004533 -0.0818119   0.116103 -0.3256304 -0.1304725 
PCA 3 0.04204414 -0.1216097 -0.0295972   -0.0219958 0.4429017 
Age -0.1624841 0.2827097 -0.2417021 0.04045548   -0.2133601 
Water 0.01869346 -0.2818119 -0.2359861 0.3705903 -0.2005455   
 
D) 
Variable ED PCA 1 PCA 2 PCA 3 Age Water 
ED   -0.6323535 -0.4893149 -0.1530062 0.1263147 -0.0556935 
PCA 1  0.02268959   0.06817659 0.1037821 -0.2934794 -0.097067 
PCA 2  -0.2721194 0.03459625   -0.0723176 -0.0841599 -0.1662742 
PCA 3 0.136947 0.02596429 -0.2930126   -0.1572897 0.1954687 
Age 0.02707255 -0.6165875 -0.0750938 0.1228939   -0.2133601 
Water -0.0518863 0.06593476 -0.0277217 0.3814047 -0.2005455   
 
E)  
Variable ED PCA 1 PCA 2 PCA 3 Age Water 
ED   -0.596002 0.5695078 -0.0475196 0.1263147 -0.0556935 
PCA 1  -0.0375896   -0.1532233 0.00378439 -0.345116 -0.105142 
PCA 2  0.5090555 -0.0345963   -0.2164669 0.1042469 0.1127027 
PCA 3 -0.1980901 -0.0259643 -0.2930126   0.06878818 -0.293932 
Age -0.0251662 -0.6165875 0.07509378 -0.1228939   -0.2133601 
Water 0.05278054 0.06593476 0.02772166 -0.3814047 -0.2005455   
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Table A.3 Loadings for each component by species by year from principal component 
analysis. Numbers in bold represent cover types which describe the component. 
  2012 2013 
  Component 
Species Cover Type 1 2 3 1 2 3 
Armadillo non pine 0.186 0.908    0.933  
 open pine -0.725 -0.131  -0.717 -0.187  
  closed pine 0.663 -0.397   0.692 -0.307   
        
Bobcat disturbed -0.459 0.298 -0.248 -0.417 -0.401 -0.314 
 non pine -0.518 0.31 -0.211 -0.498 -0.349 -0.172 
 open pine -0.233 -0.843  -0.337 0.773  
 closed pine 0.617 0.256 0.115 0.631 -0.233  
  water -0.293 0.196 0.934 -0.258 -0.257 0.925 
        
Coyote road -0.379 -0.321 0.177 -0.388 -0.283 0.109 
 disturbed -0.377 -0.148 -0.533 -0.327 -0.316 -0.518 
 non pine -0.501 -0.243 -0.139 -0.489 -0.283  
 open pine -0.206 0.834 0.128 -0.293 0.786  
 closed pine 0.583 -0.301  0.595 -0.288  
  water -0.284 -0.17 0.801 -0.252 -0.2 0.837 
        
Opossum disturbed -0.188 -0.481 0.85   -0.402 0.911 
 non pine  -0.794 -0.496   -0.873 -0.41 
 open pine 0.707 0.18 0.173 0.711 0.156  
  closed pine -0.682 0.325   -0.701 0.226   
        
Raccoon non pine  0.91 0.262   0.873 0.41 
 open pine 0.703 -0.19 -0.126 0.711 -0.156  
 closed pine -0.681 -0.285 0.147 -0.701 -0.226  















Table B.2 Daubenmire cover classes used for Nudds’ measurements. 
Cover Class Range of Cover (%) Midpoint of Class (%) 
1 0-5 2.5 
2 5-25 15.0 
3 25-50 37.5 
4 50-75 62.5 
5 75-95 85.0 
6 95-100 97.5 
 
